Aims Elevated ozone and CO 2 can differentially affect the performance of plant species. Variation among native, exotic and invader species in their growth and defense responses to CO 2 and ozone may shape CO 2 and ozone effects on invasions, perhaps in part also due to variation between native and invasive populations of invaders.
Important Findings
Overall, ozone reduced growth in ambient CO 2 but elevated CO 2 limited this effect. T. sebifera plants from invasive populations had higher growth than those from native populations in control conditions or the combination of elevated CO 2 and ozone in which invasive populations had greater increases in growth. Their performances were similar in elevated CO 2 because native populations were more responsive and their performances were similar with elevated ozone because invasive populations were more susceptible. Compared to other species, T. sebifera had high growth rates but low levels of tannin production that were insensitive to variation in CO 2 or ozone. Both China and US Platanus plants reduced tannins with increased CO 2 and/or ozone and US Liquidambar plants increased tannins with the combination of elevated CO 2 and ozone. The growth results suggest that intraspecific variation in T. sebifera will reduce the effects of CO 2 or ozone alone on invasions but increase their combined effects. The tannin results suggest that defense responses to CO 2 and ozone will be variable across native and exotic species. The effects of CO 2 and ozone on growth and defense of native and exotic species indicate that the benefit or harm to species from these global change drivers is an idiosyncratic combination of species origin and genus.
Keywords: global change, intraspecific variation, invasions, tannins, Triadica sebifera Received: 26 May 2016 , Revised: 5 October 2016 , Accepted: 20 December 2016 iNTRODUCTiON Plant invasions are threatening ecosystem stability and biodiversity by displacing native species (Pimentel et al. 2001; Vitousek et al. 1997) . One reason for the success of invasive plants may be traits (e.g. high phenotypic plasticity, rapid growth) that provide them an intrinsic advantage over native plants (Evans et al. 2011; van Kleunen et al. 2010 ). An alternative reason could be environmental effects of biotic factors (He et al. 2013; Mitchell et al. 2006) . For example, the enemy release hypothesis assumes that exotic plants experience low levels of herbivore attack because specialist herbivores are absent and generalist herbivores do not prefer them to co-occurring native plants (Keane and Crawley 2002) . The evolution of increased competitive ability (EICA) hypothesis (Blossey and Nötzold 1995) proposes that invasive plants evolve increased growth and reduced defense in response to these low levels of herbivore attack (Joshi and Vrieling 2005; Maron et al. 2004) . In addition, innate differences between the traits of invaders and recipient communities, release from biotic regulation or traits evolved in response to enemy release all may determine the impacts of abiotic factors on plant invasions and their effects on species distributions and resource dynamics (Alpert et al. 2000; Hellmann et al. 2008; Smith et al. 2000) .
Changes in atmospheric gases as a result of human activity are an increasing concern due to their global warming effects (IPCC 2013) . In addition, surface ozone (O 3 ) and carbon dioxide (CO 2 ) are recognized as important factors which directly affect plant performance and indirectly affect plant communities via differences in plant responses (Lindroth 2010) . The current concentration of ambient CO 2 is ~400 ppm, more than 40% higher than the pre-industrial level (IPCC 2013) . Meanwhile, the concentration of surface ozone has risen from ~10 ppb to 20-45 ppb depending on the geographical region (Vingarzan 2004; Zeng et al. 2008) . The concentrations of these two gases are predicted to continue increasing in the future (IPCC 2013) . Both gases can induce morphological and physiological changes in plants.
Carbon dioxide is the substrate for photosynthesis and thus directly stimulates the growth and physiology of plants (Ainsworth and Long 2005; Lindroth 2010 ). Increased growth, decreased foliar N concentrations and increased phenolics (including tannins) are most commonly observed when plants are exposed to elevated CO 2 Robinson et al. 2012; Zak et al. 2007) . In contrast, ozone is likely to have negative effects on photosynthesis and biomass, but may have positive effects on production of secondary metabolites (Ainsworth et al. 2012; Couture et al. 2014) . When ozone enters leaves through stomata, it reacts with various components in the intercellular fluids and may cause cell death and induce production of anti-oxidants, tannins and other phenolics (Lindroth 2010) . In addition, ozone and CO 2 can both decrease stomatal conductance which affects leaf gas exchange and influences the uptake of ozone and CO 2 (Dumont et al. 2014; Medlyn et al. 2001; Wittig et al. 2007) . Previous studies have found positive, negative or no net effect on plant performance under the combination of elevated ozone and CO 2 (Vanhatalo et al. 2003) but no study has ever examined the effects on the performance of native and exotic plants in a phylogenetically controlled study.
Previous studies of the combined effects of ozone and CO 2 mainly focused on crops or common native plants (Kumari et al. 2015; Meehan et al. 2014; Talhelm et al. 2014; Wang et al. 2014) . However, it is well established that sensitivity or responses to ozone and CO 2 vary among different plant species or even among populations of the same species (Dumont et al. 2014; Moran and Kubiske 2013; Vanhatalo et al. 2003) . However, to our knowledge, no study has investigated their interactive effects on invasive plant species. The effects of changes in these gases on plant performance may vary among native and exotic species and among native and invasive populations of invaders which may change the likelihood and impacts of plant invasions but this possibility has never been investigated.
Here, we conducted a factorial experiment in greenhouse chambers with elevated ozone (control or 100 ppb) and CO 2 (control or 800 ppm) treatments. We examined growth and defense of Chinese tallow trees (Triadica sebifera) from populations in the invasive (USA) and native (China) ranges and congeneric pairs of trees (Celtis, Liquidambar, Platanus) from both ranges. Triadica sebifera (Euphorbiaceae) is native to China and was first introduced to the USA (Georgia) as a potential oil seed crop in the late 18 th century (DeWalt et al. 2011) . It was later planted across the Gulf Coast in the early 20 th century (Bruce et al. 1997) . These introductions were from southern and eastern China populations, respectively (DeWalt et al. 2011) . Triadica sebifera was never grown as a crop in the USA but instead has become an aggressive invader displacing native plants from grasslands, wetlands, and forests and forming monospecific stands throughout the southeastern United States (Bruce et al. 1997; Grace 1998) . Triadica sebifera trees have rapid growth rates compared to native trees and populations from the invasive range have been found to have higher growth rates and lower foliar tannin concentrations in earlier studies (Huang et al. 2010; Wang et al. 2012) . We tested the following predictions: (i) Elevated CO 2 will increase the growth and chemical defenses of T. sebifera. 
MATERiALS AND METHODS

Study species
We collected seeds in November 2013 from 5 to 10 trees of 19 native populations of T. sebifera in China and 12 invasive populations in the USA (see online supplementary Table S1 ). These collections spanned the native and introduced ranges and included descendants of both introductions to the USA. We stored seeds at 2°C. In June 2014, we soaked the seeds in detergent (10 g/l) for 2 hours and then removed the waxy coat. We planted seeds individually in 100 ml 'conetainers' (Stuewe & Sons, Corvallis, OR, USA) filled with commercial soil.
In addition, we planted seeds from three congeneric pairs (USA and China) of tree species. These species were: Celtis sinensis (native to China), C. laevigata (native to USA), Liquidambar formosana (China), L. styraciflua (USA), Platanus orientalis (China) and P. occidentalis (USA). Each of the US species commonly co-occurs with T. sebifera and all of the China species were already present in the USA and none are invasive. We bought seeds from commercial suppliers in the USA.
After germination, similar-sized seedlings were individually transplanted into 656 ml 'deepots' (D40, Stuewe & Sons) filled with commercial soils.
Experimental design
We randomly assigned 20 experimental chambers (1 × 1 × 1.2 m tall) to a CO 2 (ambient or 800 ppm) and ozone (ambient or 100 ppb) treatment in a factorial design in the Rice University greenhouse. We covered each chamber with clear plastic that was perforated at the top to allow air to readily exit the chamber and supplied air to each through an 8 mm inner diameter plastic tube through the bottom of the chamber. We established four additional chambers without plants ('regulatory chambers') which we used to regulate CO 2 and ozone concentrations within the experimental chambers with plants.
We placed two air pumps (Pondmaster AP-100, Danner Manufacturing, Islandia, NY, USA) outside the greenhouse to draw in air unaffected by the experiment. This kept the elevated ozone and CO 2 air exhausted from those experimental chambers from affecting other chambers. In addition, the entire greenhouse was supplied fresh air through the climate control system which cooled a combination of fresh air and recirculated air that was then supplied into a clear plastic duct sock that went the length of the greenhouse. One of the outside pumps supplied air into a pipe that was split into: (i) a pipe without an ozone generator that went to the tubes that supplied five experimental ambient CO 2 and ambient ozone chambers with plants ('control treatment') and a regulatory chamber without plants, (ii) a pipe with an ozone generator that went to the tubes that supplied the five experimental ambient CO 2 and elevated ozone chambers with plants ('O 3 treatment') and a regulatory chamber without plants (see online supplementary Fig. S1 ). The other pump supplied air into a pipe that was split into: (i) a pipe without an ozone generator but with a CO 2 injector valve that went to the tubes that supplied five experimental elevated CO 2 and ambient ozone chambers with plants ('CO 2 treatment') and a regulatory chamber without plants, (ii) a pipe with a CO 2 injector valve and an ozone generator that went to the tubes that supplied the five experimental elevated CO 2 and elevated ozone chambers with plants ('CO 2 + O 3 treatment') and a regulatory chamber without plants (see online supplementary Fig. S1 ). In the regulatory chambers for elevated CO 2 (both the 'CO 2 ' and 'CO 2 + O 3 ' chambers), we placed a CO 2 monitor/controller (Atlas 3, Titan Controls, Vancouver, WA, USA) that regulated valves located in the supply pipes upstream of the chambers that injected CO 2 from compressed gas cylinders such that the air in the chambers was kept at 800 ppm CO 2 . In the regulatory chambers for elevated ozone (both the 'O 3 ' and 'CO 2 + O 3 ' chambers), we placed ozone monitor/controllers (OS-4, Ozone solutions, Hull, IA, USA) that regulated inline ozone generators (AAP 50, Ozone Pure, Kirtland, OH, USA) such that the air in the chambers was kept at 100 ppb ozone. Chambers had approximately one air change per hour. Each chamber had four racks (D20T, Stuewe & Sons) for holding containers that had space for 80 deepots.
We randomly assigned plants to a chamber. The number of plants per chamber ranged from 35 to 38 (average = 36.4) due to chance. The number of replicates varied among species (range 2 to 8; average = 6.4) and T. sebifera populations (range 2 to 6; average = 4.7) due to differences in germination rates. In total, there were 734 plants but six died before the end of the experiment leaving 728 plants.
Data collection
After 78 days, we counted the number of leaves and harvested the plants. We clipped shoots at the soil surface, cut off leaves and carefully washed roots from the soil. We dried and weighed leaves, stems and leaves separately. We also measured the content of condensed tannins in leaves for each species using the acid butanol assay with a cyanidin chloride standard. The details of chemical analyses can be found in Huang et al. (2014) .
Data analysis
We performed multivariate analysis of variance (MANOVA) to examine whether mass of different structures, total mass, root:shoot and number of leaves depended on our treatments. When there are multiple non-independent response variables, as is the case here, a MANOVA is the correct way to control for experiment wide error rates rather than a Bonferroni correction which is the correct way to control for experiment wide error rates when there are multiple independent response variables. We performed follow-up analyses of variance (ANOVAs) for each response variable but only report results for factors that were significant in the MANOVA (regardless of their P values in the ANOVA). The MANOVA and ANOVA models included effects of CO 2 , O 3 , and CO 2 × O 3 and effects of species origin, genus, species (i.e. species origin × genus), T. sebifera population origin (nested in species) and T. sebifera population (nested in population origin) together with their interactions with CO 2 , O 3 and CO 2 × O 3 . We used the corresponding population term to test for significance of population origin (e.g. factor = population origin × CO 2 ; error = population × CO 2 nested in population origin). We used post-hoc tests to determine differences among means for significant factors with more than two levels. We performed an ANOVA with the same predictors to examine variation in tannin concentrations. We performed data analyses with SAS 9.4 (SAS Institute, Cary, NC, USA).
RESULTS
In the MANOVA, CO 2 , O 3 , CO 2 × O 3 , species origin, genus, species, T. sebifera population origin, T. sebifera population origin × O 3 , T. sebifera population origin × CO 2 × O 3 and T. sebifera population were significant predictors (Table 1,  online supplementary Table S2 ). The significant effect of CO 2 × O 3 in the MANOVA reflected increased leaf and stem masses with CO 2 + O 3 , and root and total mass decreasing with O 3 but increasing with CO 2 + O 3 (Fig. 1, Table 1 , online supplementary Table S2 ). Root:shoot was lower with O 3 (Fig. 1, Table 1 ). On average, plants from China had higher leaf, root, and total mass and more leaves but there was significant variation among genera for every one of the response variables and significant variation among species for leaf, root, and total mass (see online supplementary Fig. S2A ) and leaf number as well (Table 1) . Compared to those from native populations, T. sebifera plants from invasive populations had greater stem mass, had greater root and total mass in control and CO 2 + O 3 (Fig. 2) , had lower numbers of leaves in O 3 or CO 2 (see online supplementary Fig. S3 ) and only plants from invasive populations had reductions in root:shoot with ozone (Table 1, online supplementary Fig. S4 ). There was significant variation among populations for every response variable (Table 1) . Effects of CO 2 , O 3 or CO 2 × O 3 did not vary among genera, species (see online supplementary Fig. S5 ) or populations ( Table 1) .
The concentrations of condensed tannins in leaves varied among species (F 2,579 = 72.0, P < 0.0001; see online supplementary Fig. S2B ) and depended on CO 2 × O 3 (F 1,579 = 38.1, P < 0.0001) but this reflected species-specific responses (F 2,579 = 11.0, P < 0.0001; see online supplementary Table S3 ). Specifically, L. formosana (China) had greater tannin concentrations in CO 2 + O 3 than in other treatments, and both Platanus species had higher concentrations in control than in the other three CO 2 and ozone treatment combinations. No other species, including T. sebifera, had significant responses of condensed tannin concentrations to CO 2 , O 3 or CO 2 × O 3 (see online supplementary Table S3 ). For factors with a significant result in the MANOVA, we report the results of ANOVAs of individual response variables. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. Full results of ANOVAs are shown in supplementary Table S2 .
DiSCUSSiON
In this, the first study of population variation of an invader plant species in responses to ozone and elevated CO 2 , we found that ozone alone had negative effects on plant performance compared with the control treatment; however, ozone and CO 2 together had positive effects. These results with invader, native and exotic tree species are consistent with previous findings which mainly focused on crops, as well as some tree species, such as pine, aspen, birch and beech (Kumari et al. 2015; Moran and Kubiske 2013; Talhelm et al. 2014; Vanhatalo et al. 2003) which found that elevated CO 2 limited the negative effect of elevated ozone. Furthermore, most studies have posited that the positive effects of combined ozone and CO 2 resulted from positive effects of elevated CO 2 being larger than the negative effects of elevated ozone (Lindroth 2010; Sitch et al. 2007) . However, in our study, there must have been an interactive effect of ozone and CO 2 as plant performance did not increase with CO 2 alone. An example of such an effect is when elevated CO 2 decreases stomatal conductance and thus inhibits uptake of ozone into leaves (McKee et al. 2000) . But, our finding was that ozone stimulated the 'fertilization effect' of CO 2 . Vanhatalo et al. (2003) reported the same pattern in height growth, needle dry weight and total biomass for Scots pine or Norway spruce seedlings (Vanhatalo et al. 2003) . Their results and ours are consistent with a modeling study (Chen et al. 1994) which predicted that ozone might have little effects on plant biomass because of compensatory regrowth of more efficient younger tissues when ozone accelerated senescence. Lindroth et al. (2001) found that foliar C:N of birch and aspen had non-additive responses to elevated ozone and CO 2 with large increases in C:N in combination. In addition, it is possible that soil microorganisms could have non-additive responses that shape plant responses which is consistent with mass being highest on average in CO 2 + O 3 for every species but we have no data to evaluate this possibility. This pattern of increased growth with the combination of ozone and CO 2 was stronger for invasive populations of T. sebifera than for native populations. In addition, native and invasive populations varied in their responses to ozone or CO 2 alone such that their performances were more similar in those conditions. Specifically, native populations were less sensitive to ozone for either mass or root:shoot compared to invasive populations that had significant decreases in mass and native populations had larger increases in response to elevated CO 2 . Although there are no other studies of variation among native and invasive populations of an invader plant, this is in line with the observation of Vanhatalo et al. (2003) who found slower-growing birch clones benefited more than faster-growing clones from elevated CO 2 , since invasive populations had higher growth rates in the control treatment here and in other studies (Erfmeier and Bruelheide 2004; Zou et al. 2007 ). Although we did not measure secondary chemicals other than condensed tannins, other studies have found differences in foliar secondary compounds between native and invasive populations of T. sebifera (Wang et al. 2012 ) which could be relevant to differences in their responses to ozone alone or in combination with elevated CO 2 . Chen et al. (2013) found a similar pattern of abiotic stress tolerance in which invasive T. sebifera performed better than native T. sebifera in low salinity but had greater decreases in growth at high salinity such that their performances were similar.
The effects of ozone and CO 2 on condensed tannins were minor for most of the species in this study, including T. sebifera. Lindroth et al. (2001) found that birch and aspen also varied in their tannin responses to CO 2 and ozone with only birch increasing tannins in response to CO 2 , especially in combination with ozone. This is most similar to the results we observed for L. formosana (China) that had greater tannin concentrations in CO 2 + O 3 than in other treatments. However, Lindroth et al. (2001) tested plants that had been exposed for >1 year which may limit comparison to our study in which plants were exposed for ~11 weeks. Moreover, the results for growth and secondary metabolites may be related as secondary metabolites are considered an effective mechanism to defend against environmental stresses including abiotic and biotic factors (Bartwal et al. 2013) . In addition, secondary metabolites might defend against more than two stresses (Atkinson and Urwin 2012; Kissoudis et al. 2014) which increases the possibility that plant growth and defense responses to elevated ozone and CO 2 may be linked.
Our results which are the first study with native and invasive populations of an invader plant and native and exotic congeneric pairs suggest that elevated ozone and CO 2 will not have strong effects on competition between T. sebifera and US tree species. Compared to those species, T. sebifera had greater mass and lower tannins and elevated ozone and/or elevated CO 2 did not have large enough effects on any of these species to change growth or defense of T. sebifera relative to these other species. Indeed, the patterns for growth and defense are suggestive of a trade-off between these traits (see online supplementary Fig. S2 ) that may not be very sensitive to these abiotic drivers. In addition, there were no strong differences among the responses of native versus exotic trees or between T. sebifera and these exotic species which are not invasive. However, T. sebifera is an aggressive invader of grasslands and wetlands dominated by herbaceous plants (Bruce et al. 1997) so the combination of elevated CO 2 and ozone may have the potential to impact invasions into such ecosystems depending on the responses of such plant species given the particularly large positive effect of those two abiotic drivers on the growth of T. sebifera from invasive populations. Because many of the dominant grasses in these ecosystems are C 4 plants that often respond more weakly to elevated CO 2 than do C 3 plants such as T. sebifera (Ainsworth and Long 2005) this is important to investigate. Indeed, additional studies that include dominant native plants of invaded ecosystems and invasive plants are critical for predicting the effects of ozone and CO 2 on plant invasions.
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